The possibility of using plasma deposited thin films of iron oxides as electrocatalyst for oxygen reduction reaction (ORR) in proton exchange membrane fuel cells (PEMFC) was examined. Results of energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS) analysis indicated that the plasma deposit consisted mainly of FeOX structures with the X parameter close to 1.5. For as deposited material iron atoms are almost exclusively in the Fe 3+ oxidation state without annealing in oxygen containing atmosphere. However, the annealing procedure can be used to remove the remains of carbon deposit from surface. The single cell test (SCT) was performed to determine the suitability of the produced material for ORR. Preliminary results showed that power density of 0.23 mW/cm 2 could be reached in the tested cell.
INTRODUCTION


The fuel cells belong to the modern class of current generation devices. Like all electrochemical cells, the fuel cell has a pair of half-electrodes immersed in a basic electrolyte or mounted on both sides of the solid state proton-conductive membrane (PEM). To date, there is no better catalyst than platinum black, which is used at concentration of 10 % to 60 % [1] . Despite the fact that platinum is the most effective, it is also expensive rare element, which is easy to contaminate by gas impurities usually leading to dramatic power losses. Several ways have been proposed to lower prices and improve accessibility of proton exchange membrane fuel cells (PEMFC). The main approach is based on the reduction of platinum content while maintaining catalyst effectiveness, for example, by the catalyst surface area modification [2] . There have been some attempts to prepare a new electrocatalysts as platinum composites with other noble metals [3 -5] and the nano-composites of platinum group metals with non-noble metals compounds [3, 6] . The other approach is to use electrocatalyst made of non-noble metals and their derivatives [7 -11] .
Electrocatalysts can be prepared by means of various methods like solvothermal methods, sol-gel reduction or coprecipitation, thermal synthesis and electrodeposition. The most used techniques are based on sol-gel or hydrothermal methods that give small, well defined crystals of active species. However, there are also a lot of disadvantages of these methods such as generation of wastes and large energy consumption. Furthermore, the materials produced this way are composed of small sized particles but not as small as they can be using plasma methods. By means of plasma enhanced chemical vapor deposition (PECVD), nanostructured thin films of electroactive materials can be deposited with strong adhesion directly on an electron-conductive substrate (e.g. carbon paper). By selecting the deposition parameters, it is possible to obtain different structures characterized by the same chemical composition but various physicochemical properties. In this paper, the effectiveness of the plasmadeposited iron oxides was investigated as an electrocatalyst for PEMFC.
EXPERIMENTAL
Thin films containing FeOX were deposited in a parallel-plate RF (13.56 MHz) plasma reactor presented in [12] , using iron pentacarbonyl (Sigma Aldrich, 99 %) as the precursor and mixture of oxygen (99.999 %) and nitrogen (99.999 %), in a ratio of 1:4, as a carrier gas. Both the precursor container and the entire gas feed line were heated up to 329 K. The total pressure in the reactor chamber was 5.2 Pa, the glow discharge power density was 355 W/dm 3 , and the flow rates of precursor vapor and carrier gas were 0.035 sccm and 0.90 sccm, respectively.
Chemical composition of the investigated materials was determined by a scanning electron microscope (SEM FEI Quanta 200 FEG) equipped with an energy-dispersive X-ray spectrometer (EDX Oxford INCA 250). EDX measurements were taken at ten different spots for a given sample, and then the average atom concentration and its standard deviation were calculated for each of identified elements. Electron energy of 3.5 keV was used in all tests. Quantitative and structural surface analysis were performed by an ESCA-XPS (Kratos AXIS Ultra) spectrometer using monochromatic Al Kα X-Rays source of excitation energy equal to 1486.6 eV. For both EDX and XPS tests, thin films of investigated material were plasmadeposited onto silicon wafers.
For the single cell test (SCT), the investigated material was plasma-deposited directly on a disk shape carbon paper (SpectraCarb) with diameter of 15 mm, which was then used as a cathode. The same disk of carbon paper covered by 0.4 mg/cm 2 of Pt was used as the anode. The membrane was made of Nafion® (N-215 from FuelCellStore). The cell was fed with pure hydrogen and oxygen (both AirLiquide, 99.999 %).
Some of plasma-deposited samples were used directly for structural tests while others before the investigations were subjected to an annealing procedure during 45 min in electric oven at 723 K under air atmosphere.
RESULTS
Atomic composition of the plasma-deposited films containing FeOX was studied by means of EDX spectrometry. Results obtained for both "as deposited" and annealed materials (Table 1) revealed that no significant change occurred after the thermal treatment. The material consists mainly of iron and oxygen atoms (together 87 at.%). The ratio of oxygen to iron is equal to X = 1.7, which, assuming that not all oxygen atoms are chemically bonded with iron atoms, could suggest that the film dominant structure is represented by the stoichiometric Fe2O3. The mass deposition rate (2.2 μg/cm 2 min) in the plasma deposition process was estimated from the EDX results obtained for series of films deposited at the same process parameters but at different deposition times. The calculation algorithm based on Kanaya-Okayama electron depth penetration formula [13] is described elsewhere in detail [14] . Due to the fact that electron penetration depth is in the range of the deposited film thickness, the data presented in Table 1 can be regarded as volume-average values.
On the other hand, XPS is a well-known spectroscopy technique to probe the thin surface of the material, which usually means a few atomic layers. The atomic compositions measured by this technique for "as deposited" and annealed samples are not the same (Table 2 ). In general, the results are similar to these obtained by means of EDX but some differences are clearly seen. Before annealing, the surface of plasma deposit is richer with carbon structures (approx. 17 at.%). During the annealing process the carbon deposit was removed revealing FeOX structures, which amount increases from 78.5 at.% to 93 at.%. The ratio of oxygen to iron, measured by XPS, was equal to X = 1.53 -very close to the stoichiometric Fe2O3. Furthermore, it should be noted that during the annealing process all nitrogen atoms are removed from the material surface (Table 2) . The XPS Fe 3p and O 1s peaks for both "as deposited" and annealed samples are presented in Fig. 1, Fig. 2 and Fig. 3, Fig. 4 , respectively. The Fe 3p peak was selected for analysis because the Fe 2p peak is much more complex in shape, having multiple secondary or satellite peaks [15] . The deconvolution procedure of Fe 3p region was based on background and peaks parameters described previously by Yamashita and Hayes [16, 17] . As a result, relative shares of Fe 2+ and Fe 3+ compounds were estimated and placed in Table 3 including peaks positions and corresponding FWHMs. It is clearly seen that iron atoms are almost exclusively in the Fe 3+ oxidation state. Only in "as deposited" material the Fe 2+ component was observed but its estimated percentage was less than 2 at.%. Both "as deposited" and annealed samples showed no signal of metallic Fe. The expected position of the Fe 0 peak [18] is indicated in Fig. 1 and Fig. 2 . The differences in XPS spectra before and after annealing are well seen in O 1s region (Fig. 3 and Fig. 4 , and Table 4 ), which confirms above conclusion on removing carbon component (high-energy part of the band) from the film surface and uncovering underlying FeOX structures (low-energy part of the band) [19] . In the case of the investigated FeOX films, the annealing procedure is not crucial for desired material composition (Fe2O3) that, as a result of oxygen rich plasma, is formed already during plasma deposition. However, annealing process cleans the material surface from nitrogen and carbon deposit increasing the contact surface of Fe2O3. Hence, all further electrochemical analyses were carried out only on annealed samples.
Single cell characteristics measured for the PEMFC with the plasma-deposited FeOX catalyst (60 min deposition) are shown in Fig. 5 and Fig. 6 . The FeOX load in this cell was equal to 130 μg/cm 2 . For such a cell, typical values of open circuit voltage (OCV) and Tafel slope were 0.4 V and 120 mV/dec, respectively. Maximum of power density 0.23 mW/cm 2 was measured at cell current density 1.6 mA/cm 2 and potential value of 140 mV. Although the produced FeOX electrocatalyst is far less effective than platinum [14] , the presented results should be considered preliminary, which encourage for further research. 
CONCLUSIONS
Thin films consisted mainly of FeOX were produced in low temperature plasma with mass deposition rate of 2.2 μg/cm 2 min. The residual carbon deposit can be easily removed during 45 min annealing in electric oven at 723 K under air atmosphere increasing amount of FeOX on the surface up to 93 %. Analysis of the XPS Fe 3p indicates that all iron atoms are chemically bonded with oxygen. The estimated percentage of Fe 2+ and Fe 3+ oxidation states was found to be about 1.7 at.% and 98.3 at.%, respectively, for "as deposited" material, while after annealing only Fe 3+ states remained. The ratio of oxygen to iron, measured by XPS, was close to 1.5. The obtained material showed catalytic activity for the oxygen reduction reaction. It was found that the fuel cell with platinum as the anode and FeOX deposit (130 μg/cm 2 ) as the cathode was characterized by OCV of 0.4 V and maximum power density of 0.23 mW/cm 2 . This catalyst is far less effective than pla-tinum, however, is much cheaper than any noble element. Investigations will be continued to improve its efficiency.
